Semi-classical particle rotor model calculation has been carried out for the magnetic dipole bands in 60 Ni to understand the possible existence of the shears mechanism in this nucleus. The reduced transition probability of the magnetic dipole transitions belonging to the candidate magnetic rotational bands has been calculated. Results of the present work have been discussed in the light of the earlier theoretical works on this nucleus.
Introduction
Observation of rotational-like sequence of magnetic dipole (M1) γ transitions in nearly spherical nuclei interpreted under the framework of shears mechanism has attracted a significant interest for last few decades [1] [2] [3] . This type of sequence exhibits a strong B(M1) strength and a small B(E2), resulting in a large B(M1)/B(E2) value. Such a kind of band structure has originated due to the symmetry breaking by the current distributions of a few high-spin particles and holes outside a weakly deformed core and also by the magnetic moments associated with these currents. As the magnetic moment breaks the symmetry and rotates around the angular momentum vector, this mode of nuclear excitation is known as a "magnetic rotation" (MR) [4, 5] . The excitation energy of a magnetic rotational band increases by the step-by-step alignment of particle or hole spins in the direction of the total angular momentum, as shown in Fig. 1 . The other fingerprint of this phenomena is the low dynamic moment of inertia ( 35 2 MeV −1 ), which remains constant with spin. Magnetic rotational bands were reported in more than 200 nuclei throughout the nuclear chart [6] . Most of the cases were reported in A ≈ 110, 200 regions [6] . However, abundance of such bands in A ≈ 60 was found smaller. A semiclassical description of the shears mechanism [3] was given by Macchiavelli and Clark [7, 8] and it was further extended for the twin shears mechanism [9] by Sugawara et al. [10] . This model is successfully used to study the shears and the twin shears bands in several nuclei [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Four sequences of M1 transitions were reported in 60 Ni (marked as M-1, M-2, M-3, and M-4 in Ref. [29] ) and interpreted as the MR bands on the basis of Cranked Nilsson-Strutinsky (CNS) calculations. This makes 60 Ni one of the lightest systems in which MR bands were observed. Later, the self-consistent tilted axis cranking relativistic mean-field (TAC-RMF) theory based on a point-coupling interaction was carried out to study the candidate shears bands in 60 Ni [30] . From that calculation, it was concluded that the competition between the configurations and the transitions from the magnetic to the electric rotations has to be considered in order to reproduce the energy spectra as well as the band crossing phenomena. In the present work, an attempt has been made to study these bands in the framework of semiclassical particle rotor model (SCM).
Formalism
A semiclassical description of the shears mechanism, originally proposed by Frauendorf using the tilted-axis-cranking model [3] , was given by Macchiavelli et al. [7] , where the energy states of a shears band were generated from the interaction of particles and holes. This interaction is proportional to P 2 (θ), where θ is the shears angle between j π and j ν , defined as
where I sh is the shears contribution of the total angular momentum I ( I sh = j π + j ν ). The total spin of the band I = I sh + R core . The R core is the core contribution of the shears band. The small effect due to the contribution of core in angular momentum towards total angular momentum can be determined by
where I max is the maximum observed spin, I bh is the band head of the shears band and I is the angular momentum of a particular state. The interaction potential between the interacting particles and holes can be calculated from the excitation energy relative to the band-head energy and the angles between the holes and particles
where ∆E(I) is the difference between the energy of a particular level and the energy of the band head i.e., E(I) − E bh . By calculating the shears angle, the interaction potential can be deduced. The magnitude of B(M1) is proportional to the square of the perpendicular component magnetic moment vector (µ ⊥ ) [7] . The B(M1) value can be calculated for each energy state and is given by
where j π is the proton angular momentum, θ π is the proton angle between j π and total angular momentum I. The magnitude of θ π is given by
where g eff is the effective gyromagnetic factor given by g π − g ν . The values of g π and g ν depend on the orbital involved at the configuration of the band.
Results and discussions
Four sequences of magnetic dipole transitions, marked as M-1, M-2, M-3 and M-4 in Ref. [29] , have been studied in the framework of semiclassical particle rotor model. The Fermi surface of the proton-hole is near πf 7/2 orbital in this nucleus and that for the neutron particles is near the νg 9/2 and f p orbitals. The M-1 bands in 60 Ni were supposed to originate due to these orbitals. Two out of these four bands, namely M-1 and M-4, have negative parity and the other two, M-2 and M-3, have positive parity. The pair of positive (negative) parity bands has nearly the same excitation energy and angular momentum at the band head, as shown in Fig. 2 . Consequently, bands M-1 and M-4 were suggested to have the
configuration and bands M-2 and M-3 were suggested to have either [29] . Here, the f p orbital describes the 1f 5/2 , 2p 3/2 or 2p 1/2 orbitals. Earlier, these four MR bands were studied in the framework of self-consistent tilted axis cranking relativistic mean-field (TAC-RMF) theory based on a point-coupling interaction [30] . In this work, the shears mechanism of the four bands has been studied by considering the same configuration.
For Config. 1, the magnitude of j π and j ν are taken as 6 and 9 . The maximum spin that can be produced by the coupling of these two angular momenta is (7/2 + 5/2 + 9/2 + 9/2) = 15 . [29] . These two observations suggest that the shears mechanism is mainly responsible for the generation of angular momentum in this band. Therefore, the theoretical semiclassical particle rotor model calculation has been carried out to understand the structure of this band. In this context, it may be noted that although the band M-4 having same configuration of band M-1 can also be explained in the framework of the shears mechanism, the dynamic moment of inertia of band M-4 is not very supportive to the rotational character of this band. Config. 2 and Config. 3 mostly give rise to a similar shears angle and B(M1) values of the states. The magnitude of j π (j ν ) is taken as 8 (6 ) for Config. 2 and 9 (10 ) for Config. 3. The only difference between the two alternative configurations is the core angular momentum (I core ), which is 1 for the Config. 2 and 0 for Config. 3.
In the present work, the shears angle of each state has been calculated using Eq. (1), which (also, the proton angle) is found to decrease gradually with increasing spin for all three configurations. At the band head, the shears angle is maximum and it decreases with the increasing angular frequency. Generation of angular momentum due to the shears mechanism takes place in between 11 and 15 within the Config. 1. Similarly, for Config. 2 (Config. 3), it takes place from 12 to 17 (16 ) . This indicates a pure shears contribution of the band from 11 to 15 for Config. 1, where the core contribution is negligible. The reduced transition probability of the magnetic dipole transitions [B(M1)] show a decreasing trend with increasing angular momentum of the bands, as shown in Fig. 4 . All the features, the low and constant dynamic moment of inertia, the decreasing shears angles with increasing spin, and the decreasing trend of B(M1) with increasing angular momentum indicate the magnetic rotational nature of the (M-1-M-4) dipole bands in 60 Ni. The interaction potential [V (I(θ))] has been calculated using Eq. (3) for M-1 and M-2 bands, as shown in Fig. 5 . The magnitude of V (I(θ)) is found ≈ 800 keV for these bands. 11 
Summary
Theoretical semiclassical particle rotor model calculation has been carried out for four previously reported magnetic dipole bands in 60 Ni. The decreasing trend of the reduced transition probability of the magnetic dipole transitions [B(M1)] with increasing spin, derived from the present calculation suggest that the shears mechanism is responsible for the generation of angular momentum for these four bands. The trend and the magnitude of B(M1) is also found in agreement with the previously reported results of TAC-RMF calculation.
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